Chylous leaks, such as chylothorax and chylopericardium, are uncommon effusions resulting from the leakage of intestinal lymphatic fluid from the thoracic duct (TD) and its tributaries, or intestinal lymphatic ducts. The cause can be either traumatic (thoracic surgery) or nontraumatic (idiopathic, malignancy). Treatment has traditionally consisted of dietary modification (nonfat diet) and/or surgery (TD ligation, pleurodesis). Thoracic duct embolization (TDE) has become a viable treatment alternative due to it high success rate and minimal complications. In this article, the authors describe the etiologies of chylothorax, patient population, outcomes, and long-term follow-up of TDE patients. Relevant lymphatic anatomy and physiology are reviewed, with special attention paid to the formation of the duct by tributaries at the cisterna chyli (CC). The technique of TDE is outlined, including bilateral pedal lymphangiography, TD cannulation, and embolic agents used for the procedure.
or skin, small trauma of these collaterals can result in a leak (see Fig. 8B ).
The most common cause of chylous leak is iatrogenic, particularly thoracic or abdominal surgery. 3 It has been reported to occur at a rate of 0.42% for all general thoracic surgery procedures 4 and up to 3.9% after esophagectomy. 5 Nontraumatic chylous leaks are rare, and can be caused by any disease process that results in lymphatic occlusion, such as malignancy (lymphoma), lymph vessel disease (Gorham disease, lymphangiomatosis), systemic disease (sarcoidosis, Behcet disease), congenital malformation, and idiopathic causes. 6 In our recent series, the most common causes of nontraumatic chylothorax were idiopathic in 14 of 33 (42%) patients and lymphoma in 9 of 33 (27%) patients. 7 Traditionally, low-output chylothorax (< 1000 mL/day) has been treated conservatively with diet, 8 and high-output chylothorax has been treated with surgical ligation, either open, video-or robot-assisted. 9, 10 Mortality rates following conservative treatment of chylothorax can reach 50%; those following surgical repair are reported as high as 10%. 11, 12 HISTORY OF THORACIC DUCT EMBOLIZATION TDE is the brainchild of one of the fathers of Interventional Radiology, Dr. Constantine Cope. An experienced lymphangiographer and interventional radiologist, Cope envisioned TDE as a minimally invasive alternative to TD ligation. 13, 14 The treatment consists of pedal lymphangiography followed by transabdominal catheterization of the CC or its tributaries and embolization of the TD/CC proximal to the leak or occlusion.
Initially, Cope tested the feasibility of TD cannulation in a porcine model. 15 In his next animal experiment, the TD and CC were lacerated and embolized with metal and platinum coils. 16 In 1998, Cope published TDE results on his first five human patients. 17 In two consecutive prospective studies he described his experience with an additional 11 and 42 patients, respectively. 13, 18 Since then, several case reports and retrospective case series have been published. 14, [19] [20] [21] 
PHYSIOLOGY OF LYMPHATIC FLOW AND ANATOMY OF THE THORACIC DUCT

Physiology of Lymphatic Flow
The TD carries 1-2 L of lymphatic fluid a day; 80% of this fluid comes from intestinal and hepatic lymphatic ducts. 22 The amount of flow in the TD fluctuates significantly with a patient's diet; the flow increases significantly immediately after a meal, due to absorption of fluids and nutrients by intestinal lymphatic ducts. Flow also varies in relation to fatty content of a meal. The flow in the TD increases significantly in pathologic conditions that result in the elevation of hepatic sinusoidal pressure, such as cirrhosis and right-sided heart failure 23 ; several postmortem and imaging studies have demonstrated significant distension of the TD in these patients. 24, 25 Anatomy of the Thoracic Duct The anatomy of the TD has been well described in multiple anatomic texts (Fig. 2) . 26 The TD is the largest lymphatic duct in the body, measuring up to 45 cm in length and 2 to 5 mm in diameter. It drains lymph and chyle from the entire body except for the right hemithorax, right head and neck, and right arm. 27 The TD originates in the upper abdomen at the CC and enters the thoracic cavity at the aortic hiatus, with the aorta on its left and the azygos vein on its right. In the thorax, the TD ascends along the anterior surface of the vertebrae, and drains into the confluence of the great veins of the left neck. Though the above classical description of the TD is the most common, many variants have been described that are not associated with clinical abnormalities. Variations of the classical TD configuration can be seen at the termination of the TD, its course, the number of ducts, and the location of its tributaries. The course of the TD can be predominantly left-sided, right-sided, or bilateral, in the case of a duplicated TD. Several classification systems have been developed to describe commonly seen anatomic variations. Adachi et al classified the TD into nine ''potential'' types based on embryologic development of the TD, which originates as two ducts that later fuse. 28 However, only five variants of this classification were observed on postmortem and magnetic resonance (MR) ductography studies (Fig. 3) . A postmortem study by Kausel et al divided the TD into five types based on morphology of the TD (single, double, multiple trunks) and the location of its outflow (Fig. 4) . 30 The fifth type in Kausel's classification schema, a plexiform variation, is of importance to the operator performing TDE because of the difficulty this creates in advancing the wire and catheter distally. In these cases, the embolization must be performed proximally.
Anatomy of the Cisterna Chyli
The CC is a triangular or oblong sac 5 cm in length. On lymphangiography, its dimensions are much smaller, 1 cm wide and 2 cm long. 31 It is typically located at the L1-L2 level, just to the right of the aorta behind the right diaphragmatic crus (Fig. 5) , although left-sided CC has been reported. 32 The CC is not always visualized, occurring in 35% of patients on postmortem studies, 33 30% to 53% on lymphangiographic studies, 34 and between 96% and 76% on MR ductography studies. 25, 35 The CC receives the right and left lumbar trunks, the intestinal trunk, the lowest intercostal trunks, and hepatic lymphatic ducts. The anatomic variations of the tributaries of the CC are of importance for the operator performing TDE. In a recent study by Loukas et al, the most common configuration was a CC formed by the union of the left lumbar trunk and the intestinal trunk, which occurred in 45% of specimens (Fig. 6) . 36 To prevent potential leakage of chyle from the access point during TDE, we recommend accessing the lymphatic system below the CC through one of its tributaries, ideally the right lumbar trunk (see below).
TECHNIQUE OF THORACIC DUCT EMBOLIZATION
TDE is performed under moderate sedation. Preprocedure intravenous antibiotics (cefazolin) are administered.
Bilateral Pedal Lymphangiogram and Opacification of the Thoracic Duct
Due to advances in cross-sectional imaging, lymphangiogram use and expertise has virtually disappeared in most radiology departments. Detailed descriptions of lymphatic duct cannulation technique can be found in recent reviews. 37, 38 The main objective of lymphangiography in TDE is the imaging of lymphatic vessels. For this reason, over the years we have developed slight modifications of our contrast injection technique that improve imaging of the lymphatic ducts and facilitate embolization of the TD:
1. We use 5 mL of Ethiodol (Savage Laboratories, Melville, NY) contrast in each leg, a relatively small amount compared with traditional protocols. Using a large amount of contrast can flood the intestinal lymphatic ducts and CC, thus obscuring the target. Also, a large amount of Ethiodol in the TD can delay glue polymerization and prevent complete embolization of the TD. 2. To improve visualization of the TD and CC, and to expedite opacification of the CC with intralymphatic contrast, we follow the injection of contrast with a 20 mL ''saline push'' in each leg. From our experience, this technique significantly decreases the procedure time and improves the success rate of embolization.
Thoracic Duct Cannulation SELECTION OF THE TARGET VESSEL
Initially, the lymphographic dye progresses slowly through the network of pelvic and retroperitoneal lymphatic vessels to approximately the L1-L2 level. At this level, the lymphatic ducts quickly lose their definition and clarity, an indicator of lymph inflow from intestinal and hepatic lymphatics. To prevent chyle leakage from an access point in the CC, we recommend accessing the TD below this inflow point, through one of the lumbar lymphatic ducts (preferably the right). Even though it is more challenging to cannulate a lumbar lymphatic duct due to its small size, this difficulty is offset by its more constant and defined appearance during lymphangiography.
LYMPHATIC DUCT ACCESS
When a target duct is identified, cannulation is performed using 21-or 22-gauge 15-to 20-cm Chiba needle (Cook Inc., Bloomington, IN) and fluoroscopic guidance. We introduce a slight 5-10 degree bend at the distal 2 cm of the needle for directionality. A right transabdominal approach is preferred to avoid the aorta. Quick, deliberate jabs with the Chiba needle are made, such that the needle is not deflected by compliant intervening structures (especially the large and small intestine). Both walls of the duct are penetrated, and a stiff 0.018-inch guidewire (V18 Control, Boston Scientific, Natick, MA) is used to probe for the duct, similar to the biliary drainage technique (Fig. 7A) . When the TD is accessed, the wire should pass easily into the upper TD (Fig. 7B) . Next, a 65-cm microcatheter (Rapid Transit, Johnson & Johnson, Miami Lakes, FL) is advanced into the TD over the wire. Once the catheter is in the TD, the wire is removed and iodinated contrast is injected through a 1-mL syringe to detect the site of leakage (Fig. 7C) . 
Thoracic Duct Embolization
After identification of the cause of chyle leakage (extravasation or obstruction), embolization of the TD is performed proximally. First, coils are placed to provide a matrix for glue polymerization. A slight back-and-forth motion during deployment encourages proper coil deployment. Next, a maximum of 0.2 mL of D5W is used to flush the catheter to prevent intracatheter glue polymerization. Injection of larger amounts of D5W can fill the TD and significantly slow the polymerization of glue, resulting in recanalization of the glue cast. n-Butyl cyanoacrylate (n-BCA) (Truefill 1 Cordis, Johnson & Johnson, Warren, NJ) diluted 1:1 in Ethiodol is used for embolization. The speed of n-BCA polymerization depends on the rate of exposure of the glue to the ionic compounds. Due to relatively stagnant flow in lymphatic vessels, ionic exposure is significantly less than in blood vessels. Therefore, a 1:1 glue/Ethiodol dilution provides ample time for injection. The TD is filled with the glue mixture just proximal to the leak or occlusion (Fig. 7D) . If the TD is accessed via a lumbar lymphatic duct, we recommend injecting a small amount of glue at the duct entry site. Immediately after glue injection, the microcatheter is removed. The foot incisions are closed with at least three vertical mattress sutures each, and the percutaneous access site is dressed with a bandage. We do not recommend use of the Onyx 1 (Micro Therapeutics, Inc., Irvine, CA) embolic system due to the porosity of the cast that is created. We attribute some of our failures to its use.
Thoracic Duct Interruption
Originally described by Cope et al 13 as a means of interrupting lymphatic flow in cases of failed TD catheterization, this technique was further explored by Blinkert et al. 39 The technique consists of attempts to disrupt the lymphatic ducts by multiple needle punctures at the level of the CC.
OUTCOMES OF TD EMBOLIZATION AND TD INTERRUPTION
In the first large series of 42 patients by Cope et al, the success rate following TDE and TD interruption was reported to be 73.8%. 13 This group of patients included patients with both traumatic and nontraumatic causes of chylothorax. Due to significant differences between these two groups in terms of pathophysiology, course, treatment approach, and outcomes, we believe these two groups should be evaluated separately.
Outcomes of Thoracic Duct Embolization in Traumatic Chylothorax
In a recent study, Itkin et al reported outcomes of TDE and TD disruption in 109 patients with chylous leaks. 14 The causes of chylous leak are listed in Table 1 . In 71 patients the TD was embolized, and in 18 patients the TD was disrupted. Embolization with coils only was performed in 13 (18.3%) patients; embolization with liquid embolic agents only was performed in 18 (25.4%) patients; embolization with a combination of coils and liquid embolic agents was performed in 40 (56.3%) patients. Follow-up was available for 107 patients. The overall success rate of the entire series on an intent-totreat basis was 71% (77/109). The overall success rate in the subgroup of patients with attempted interventions (excluding patients in whom intervention was deemed inappropriate and was not attempted) was 88% (77/88). Clinical success after TDE was 90% (64/71). In cases where liquid embolic agents were used, the success rate of embolization was 91% (53/58). The success rate for coil embolization was 84% (11/13). In the subgroup with failed TD ligation, TDE was successful in 15 of 17 (88%) patients. The cure rate of chyle leak is directly related to the ability to catheterize the CC/TD; in cases where catheterization was successful, the cure rate was 90%. Surprisingly, TD interruption resulted in a cure in 72% of our series' cases. However, it is well known that lymphangiography alone can result in cessation of chylothorax. 40 We strongly feel that the use of a combination of coils and a liquid embolic agent is necessary to achieve optimal TDE. Coils serve as a matrix for glue polymerization and provide an additional embolic mechanism in case of glue failure. Embolization with coils alone results in lower success rates when compared with coils combined with liquid embolic agents (84% vs 91%).
Outcomes of Thoracic Duct Embolization in Nontraumatic Chylothorax
In our group's recent analysis, we reported 33 cases of TDE following nontraumatic chylous leak. 7 The patient population was predominantly female (24 women and 7 men). The causes of chylothorax are listed in the Table 2 . In 23 of 33 (70%) patients, catheterization and embolization of the TD were successful. In 4 of 23 of these cases, TDE was repeated due to clinical failure. In 4 of 33 (12%) patients, catheterization failed, and in 6 (18%) patients, embolization was not attempted due to nonvisualization of the CC and TD. Four lymphangiography patterns of TD were identified:
1. Normal thoracic duct (6/33) was observed on the lymphangiogram in its entirety, with a normal transition to the subclavian vein and free passage of the contrast into the subclavian vein (Fig. 8A ). 2. Occlusion of the thoracic duct (19/33) was diagnosed when no contrast passed into the subclavian vein and multiple mediastinal collateral ducts were observed (Fig. 8B ). 3. Failure to opacify the thoracic duct (6/33) was defined as either blockage of the lymphatic flow at the level of the groin or retroperitoneal lymphatic ducts (Fig. 8C ). 4. Extravasation of contrast (2/33) was diagnosed when leakage of contrast from the TD or its tributaries could be clearly identified (Fig. 8D) . All but two patients were available for follow-up. The overall cure rate was 52% (17/33) . This compares favorably with a study by Maldonado et al reporting a 27% success rate of combined surgical and conservative management of nontraumatic chylothorax. 41 In the subgroup of patients who had undergone successful embolization, the cure rate was 65% (15/23). The highest clinical success rate (73%) was seen in cases of TD occlusion. When a normal TD was seen, only (16%) patients was cured. In cases where the TD could not be opacified and no attempt to access or embolize the duct was made, (16%) patients was cured. In the two cases where a leak could be identified, one patient was cured and the other was lost to follow-up. The main difficulty in treating nontraumatic chylothorax was the identification of the cause of the chylous leak. A pedal lymphangiogram was able to identify the cause in only 21 of 33 (63%) cases. Knowing that pedal lymphangiography fails to detect leaks below the diaphragm, we assume that the source of the leak in cases of normal TD were intestinal lymphatic ducts. Pedal lymphangiography is crucial to identify the cause of chyle leak or, more importantly, to exclude normal supradiaphragmatic lymphatic ducts.
Immediate Complications Post TDE and TD Interruption Transgression of the needle through visceral organs, including intestines and vessels, can potentially result in complications such as peritonitis or bleeding. However, these complications have never been reported. In the prospective study by Cope et al where 42 patients were followed until cure or death, no complications related to the procedure were observed. In our recent report of TDE for traumatic chylothorax, three complications were identified: one case of asymptomatic embolization of the pulmonary artery with glue, and two cases of leg edema and pedal suture dehiscence that resulted in wound infections. 14 The leg edema eventually subsided, and the infections were cured with local wound care and antibiotics. In our report of TDE for nontraumatic chylothorax, we observed two major complications: one symptomatic pulmonary artery embolization with glue and one infection at the pedal lymphangiogram incision 7 site. TDE occludes the main outflow of chyle into the venous system. However, logical questions remain: What happens to the chyle after TDE? Can TDE convert chylothorax to chylous ascites? Does this occlusion result in the subsequent development of long-term complications? The presence of lymphovenous communication has been well explored and described in the literature, 42, 43 and it is believed that after occlusion of the TD, these ''dormant'' anastomoses reopen. In our practice, we have never observed chylous ascites following TDE. However, we have observed a few cases of the development of contralateral chylothorax. This has an anatomic explanation, as the CC and proximal TD are located in the retrocrural space (Fig. 5) . A lymphangiogram performed in one of these cases demonstrated leakage from the CC at the point of the previous CC access (Fig. 9) . To avoid this complication, we access the Figure 9 Lymphangiographic image demonstrating contrast extravasation (arrow) from the hole created by previous access of the cisterna chyli (CC). Note the contrast in the CC from the first thoracic duct embolization (arrowhead).
TD at the level of lumbar lymphatic ducts, and inject glue at this access point after TDE. Since adopting these technique modifications, we have not seen this complication.
Long-Term Complications
Recently, we performed a retrospective analysis for longterm complications following successful TDE (Laslet, Itkin, manuscript submitted for publication). 44 We hypothesize that potential complications of TDE include chronic lower extremity edema, chronic diarrhea, and abdominal ascites. We contacted the patients and health care providers and surveyed for development of these or other new symptoms. Between the 1995 and 2010, 169 patients underwent TDE for symptomatic chylous effusion. In 115 of 169 (68%) patients TDE embolization was technically successful. Follow-up information was available for 91 of 115 (79%) patients. Mean length of follow-up was 39 months. Thirty-four of the 91 (37%) patients died of causes unrelated to TDE. Fifty-seven (63%) patients were alive at the time of follow-up; 44 patients did not develop new symptoms related to TDE. The complications and their relationship to the procedure are summarized in Table 3 . Four of 57 (7%) patients complained of chronic leg swelling that was likely related to the procedure. Three of 57 (5%) patients complained of abdominal swelling not confirmed to be ascites, and seven (12%) patients suffered from chronic diarrhea. In five of these patients, the diarrhea was considered procedure related. Two of these patients were evaluated for, but found not to have protein-losing enteropathy. One patient (2%) complained of bilateral breast swelling. Though it is difficult to establish the relationship between symptoms and the procedure due to the complexity of the patients' conditions, we feel that some of the observed complications may well be related to TDE and should be part of informed consent for the procedure.
CONCLUSION TDE is an important alternative and first line of treatment to patients with traumatic and nontraumatic chylous leaks with no associated mortality, minimal morbidity, and a high success rate.
More research is needed in the subgroup of patients with nontraumatic chylous leaks, with attention paid to better identifying the cause and location of chyle leaks. This could greatly improve both planning and outcomes of TDE. 
